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INTRODUCTION 40
The detailed profiling of volatiles from food is informative, not only to assess botanical and geographical 41 origins, but also to classify and qualify samples on the basis of sensory profile (aroma and taste), 42 technological impact or, more in general, quality attributes [1] [2] [3] [4] . 43 However, the volatile fraction of foods of plant origin is often a complex mixture of chemicals already 44 present in the raw matrix, and compounds whose formation is mainly due to a number of reactions, 45 primarily those promoted by thermal treatments (i.e., Maillard reaction, Strecker's degradation of amines, 46 thermal degradation of carbohydrates) and/or enzymatic catalysis (i.e., oxidation, hydrolysis, fermentation, 47 etc.). In addition, common pathways underlying the formation of these compounds lead to components 48 having similar physicochemical properties (volatility and polarity); this is challenging for one-dimensional 49 gas chromatographic separation (1D-GC), not least because some components present poorly-diagnostic 50
MS fragmentation patterns, limiting the effectiveness of EI-MS in providing univocal component 51 identification. 52
In this context, headspace sampling on-line combined with two-dimensional GC-MS can be a successful 53 platform to overcome these limits thanks to the orthogonality of the involved techniques. In particular, 54 headspace-solid phase microextraction (HS-SPME) and two-dimensional gas chromatographic separation 55 (GC×GC) enable to sample and separate volatiles (including aroma active compounds) on the basis of their 56 physicochemical properties (volatility, polarity, partition coefficient, solubility, etc.) while mass 57 spectroscopy (MS) enables reliable identification (exact mass assignment, fragmentation pattern, multiple 58 reaction monitoring), as well as quantitation (true concentration and/or relative abundance). Such a 59 strategy can provide for reliable and detailed profiling (untargeted and targeted) and fingerprinting of the 60 volatile fraction from food [5] . However, to the best of the authors' knowledge, little has been done to 61 develop comprehensive approaches to exploit the full information potential of multidimensional 62 techniques, in terms of both qualitative distribution of volatiles, and quantitative determination of key 63 compounds related to food sensory properties or technological treatments. In the light of this deficiency, 64
Sample preparation varied depending on the approach adopted for quantification (SA or MHE) and was 120 applied to different amounts of ground material, up to the appropriate amount for correct quantification 121 (from 1.500 g to 0.100 g) that is 0.100 g, to achieve headspace linearity for target analytes. 122
In particular, for SA quantification, aliquots of 0.100 grams of ground hazelnuts were sealed in a 20 mL 123 headspace vial and spiked with suitable volumes of standard spiking solutions for each calibration level (cf. 124 Table 1 ). Before extraction, the vial was vortexed for 60 seconds in a Whirlimixer (Fisons-CE Instruments 125
Rodano -Milan Italy) to homogenize the sample. The fiber was then exposed to the headspace for 20 126 minutes at 50°C before analysis. 127
For MHE quantification carried out with the External Standard approach, aliquots of 0.100 grams of ground 128 hazelnuts were sealed in a 20 mL headspace vial and submitted to multiple consecutive extractions (up to 129 four times) exposing the fiber to the headspace for 20 minutes at 50°C before analysis. MHE external 130 calibration was run on suitable volumes of standard spiking solutions at different concentration levels (cf. 131 Table 1 ) and submitting the resulting sample to multiple consecutive extractions (up to four times) before 132 sampling (20 minutes at 50°C) and analysis. 133 The determination of the Linear Retention Indexes (I T S ) on the first dimension was achieved by injecting 2 147 micro liters of the n-alkanes solution into the GC instrument with an Agilent ALS 7683B injection system. 148
The conditions used were the following: split/splitless injector, split mode, split ratio 1:50, injector 149 temperature 260°C. 150
Analytes were thermally desorbed from the SPME fiber into the GC injector for 10 min under the following 151 conditions: split/splitless in split mode, split ratio 1:20, injector temperature 260°C. The carrier gas was 152 helium, at a constant flow rate of 0.7 mL/min (initial head pressure 260 KPa). The oven temperature 153 program was: 50°C (1 min) to 170°C at 2.0°C/min and to 260°C at 50°C/min (10 min). 154
Data were acquired by an Agilent MSD ChemStation version D.02.00.275 and processed using GC Image 155 GC×GC Software version 2.1b1 (GC Image, LLC Lincoln NE, USA). 156 157
HS-SPME-GC×GC-MS validation 158
Method validation was run on a three-week protocol, over three-months, and the following parameters 159 were characterized: precision, linearity, accuracy, Limit of Detection (LOD) and Limit of Quantitation (LOQ). 160
Precision data (intra and inter-week precision on retention times and 2D Peak Volumes on analytes Ti) were 161 evaluated by replicating analyses during three months, while linearity was assessed through linear 162 regression analyses within the working range, over at least six different concentration levels and for each 163 quantification approach (i.e., SA and MHE). Experimental results on linearity assessment are in (correlation function) and through the absolute error. 168
The Limit of Quantification (LOQ) was determined experimentally by analyzing decreasing concentrations of 169 standard calibrating solutions in DBP by the MHE approach; each sample was analyzed in triplicate, and the 170 LOQ was the lowest concentration for which instrumental response (2D Peak Volume on Ti) reported an 171 RSD%, across replicate analyses, of below 30 %; for the Limit of Determination (LOD) the minimum 172 acceptable RSD% was set at 40%. LOD and LOQ are also reported in Table 1 .
RESULTS AND DISCUSSION 174

Quantitation challenges in headspace analysis 175
The number of volatiles effectively contributing to the aroma of a food, i.e. the key odorants, is relatively 176 small, and complex analytical procedures are required to detect, identify, and quantify odor-active 177 components occurring at trace levels, in some cases below pg/g [12] . Exhaustive, classical approaches 178 based on liquid-liquid extraction, or more effective processes such as Solvent Assisted Flavour Evaporation 179 (SAFE), closely meet the needs of fundamental studies to isolate-identify-quantify key odorants [13] , but 180 they are not compatible with high-throughput screenings, detailed profiling, and fast fingerprinting. 181
Headspace sampling (HS) plays a crucial role in this respect because it enables volatiles to be recovered 182 from the vapor phase, in equilibrium (or not) with the condensed (solid or liquid) phase of a sample, in a 183 process based on analytes' partition coefficients between matrix and vapor phase *11+ and to analyze them 184 directly and on-line by GC×GC. HS performance can be implemented with the so-called High Concentration 185
Capacity Headspace Techniques (HCC-HS) [14] , which are the elective route to satisfy headspace sampling 186 throughput and automation requirements, and that are useful to increase selectivity and sensitivity by 187 selecting appropriate sorbents/adsorbents suitable for the application need. 188
In particular, Solid Phase Microextraction (HS-SPME) [15] is the most widely-used HCC-HS technique; it is 189 based on multiple equilibria that are predictable, provided that a suitable number of analyte 190 physicochemical constants are known; it is also easy to standardize and to combine on-line or off-line with 191 the separation system. 
Standard Addition by HS-SPME-GC×GC-MS 220
The standard addition procedure, widely used in headspace quantitation, consists of a series of 221 experiments in which the original sample, and a suitable number (at least six concentration levels) of 222 aliquots of the sample spiked with increasing and known amounts of reference compounds, are submitted 223 to the analytical process. 224
When using the single addition method, the analyte concentration in the sample can be estimated from 225 
SA is a quantitation approach that can be carried out in different ways: Experiments on hazelnuts from different geographical origins and that had undergone different thermal 273 processing showed that they had comparable matrix effects, resulting in a very limited dispersion of β 274 values ( Table 2) , as expected on the basis of the distribution of primary and secondary metabolites in the 275 nuts (lipids, proteins, soluble carbohydrates and fiber). The same applied to Gianduja paste from different 276 manufacturers, although, as expected, they were different from that of ground hazelnuts (Table 3 ). This 277 difference is negligible in term of quantitation accuracy with the MHE approach, but it is a limit for SA on 278 solids, where partition/equilibration of spiked analytes takes time and requires appropriate 279 homogenization and equilibration before sampling, prior to calibration. 280
The following paragraphs report quantitative results and method performance parameters, while critically 281 discussing the potentials and limits of each approach from the perspective of exhaustive volatiles 282 assessment (profiling and fingerprinting). 283 284 Table 4 summarizes quantitation results, obtained by MHE, on key odorants and technological markers for 286 hazelnuts (Tonda Gentile and Ordu) at two commercially-applied degrees of roasting, while Table 5 reports 287 results for Gianduja paste with different formulations (Samples #1 to #4) and manufacturers (Samples #1-4 288 and #5); data are expressed as ng/g in the original product. 289
Quantitation Results 285
The results on hazelnuts, from both approaches, are consistent with those recently published by Kiefl et al 290
[27], which were obtained with a well-established technique, i.e. Stable Isotope Dilution Analysis (a 291
Standard Addition approach) on Solvent Assisted Flavor Evaporation extracts from hazelnut. 292
Mild roasting produces lower concentrations of both key odorants and technological markers, and different 293 cultivars perform differently, as was expected on the basis of previous studies [28] . Roasting markers (3-294 hydroxy-2-butanone and furfural) required an extended calibration interval, while several key odorants in 295 mildly roasted products fell below the method LOQ ((E)-2-octenal and (E)-2-decenal). 296
For Gianduja paste, the results are relatively uniform, the first four samples being formulation tests from 297 the same manufacturer, with minimal changes in the main ingredients (sugar, fats of vegetable origin, 298 hazelnut paste, cocoa, nonfat dry milk), while Sample #5 was a commercial product (made by a different 299 manufacturer) purchased in a local supermarket. The distribution of analytes consistently followed the 300 profile of roasted hazelnuts, although with marked differences due to their concurrent presence in the 301 other ingredients, such as cocoa, fats and vanilla flavoring. 302
Several observations can be drawn from the method performance parameters. Firstly, both SA and MHE 303 methods showed good consistency in quantification results between roasting batches (#1 and #2) ( Figure 1 and indicate appropriate performances (R 2 = 0.966). There was an increased 322 quantification error for linear aldehydes, (E)-2-octenal and (E)-2-decenal, and furfural, due to greater 323 dispersion of the results (RSD above 25%) from SA. These exceptions were expected, because of the critical 324 re-equilibration of spiked aldehyde standards, also reported in other studies [23] ; for furfural, the 325 quantification error in SA was caused by its wide concentration range in the samples studied. 326 327
Additional information provided by Multiple Headspace Extraction 328
The quali-quantitative composition of the vapor phase that reaches the regio olfactoria through retronasal 329 and/or orthonasal pathways is extremely informative of the sensory characteristics of a food. This is 330 confirmed by the ever-increasing interest in developing fast, non-invasive, sensitive, and highly specific 331 methods for monitoring volatiles in real-time, during food consumption [29, 30] . Conversely, recent studieson wine aroma [23] report significant differences in liquid-gas transfer rates of key odorants from wines, 333 which exert different matrix effects due to their specific compositions. For instance, the presence of sulfur 334 dioxide decreases the release of carbonyl compounds, while polyphenols and tannins may reduce the gas-335 phase distribution of alcohols [23] . In this respect, a suitable investigation strategy is necessary to establish 336 the absolute concentration of key analytes, both in the matrix itself and in the headspace, to reveal the 337 aroma and the technological blueprint of a product [31] . 338
Multiple Headspace Extraction offers the possibility to evaluate both aspects contemporarily; β values and 339 the logarithmic decrease of analyte chromatographic area, along with successive extraction steps, provide 340 information about their relative release into the headspace and their distribution in the solid matrix. 341 Figure 2 shows the different behaviors of three key odorants:5-methyl-(E)-hepten-4-one (filbertone), 2-342 ethyl-3,5-dimethylpyrazine and 2-phenylethanol. The graph is based on equal terms of cumulative response 343 (A T ), arbitrarily fixed at 100 counts for comparative purposes. The red and black lines depict the logarithmic 344 decay of analytes from calibration solutions in DBP-red and in cyclohexane-black (corresponding to 345 calibrants in the gas phase approach); filbertone apparently does not present significant partition with DBP, 346 whereas partition for 2-ethyl-3,5-dimethylpyrazine and for 2-phenylethanol were significant. The blue and 347 green lines indicate analyte behavior in hazelnuts and in the Gianduja paste; in this case, a comparable 348 matrix effect is evident (β values are close to one another) with a general tendency of the matrix to retain 349 analytes (higher partition coefficients), delaying their release into the headspace. whose fragmentation pattern referred a fixed degree of similarity with a corresponding template spectrum. 374
The higher the number of consistent features compared across samples is, the higher specificity and 375 sensitivity of the process are. The possibility to perform a simultaneous targeted quantitative assessment 376 on selected informative peaks and an extended untargeted screening over the complete 2D peak pattern is 377 a key-aspect to extend the informative potential of GC×GC-MS. 378 MHE offers the possibility to approach both investigation steps, although some limits may arise from the 379 amount of processed sample, that must give adequate decay through successive extractions. Only analytes 380 whose concentrations in sample (C 0 ) and headspace (C G ) follow a linear relationship, generally 381 corresponding to concentrations below 0.1-1%, can adequately be quantified [11] . 382 Four different aliquots (i.e., 1.500, 1.000, 0.500 and 0.100 g) of Tonda Gentile Trilobata (TGT 170-35) were 383 sampled by HS-SPME, to test the feasibility of overall assessment of volatiles, the resulting volatiles were 384 analyzed by GC×GC-MS and peak features from each pattern collected in a Consensus template. In addition, untargeted features, whose decay along through successive extraction steps demonstrates 400 adequate linearity, could be investigated in terms of actual release from the sample matrix through their β 401 value, and additional information on their extraction rate added to the global assessment, as shown in 402 Figure 4 for the compounds trimethylpyrazine, furfuryl alcohol, and 2,5-dimethyl-4-hydroxy-3(2H)-403 furanone. In the example given, the first two compounds, characterized by faster decay, would be more 404 rapidly released into the headspace than would 2,5-dimethyl-4-hydroxy-3(2H)-furanone (furaneol™). The 405 latter, being a key odorant in roasted hazelnuts, although not quantified in the present study, provides 406 further information on sample sensory quality. It should be stressed that the sensitivity of GC×GC plays a 407 crucial role for these investigations, which cannot, with comparable effectiveness, be achieved by one-408 dimensional approaches, because of the higher LODs that can be achieved with the latter. 409 410
CONCLUSIONS 411
The study presents a successful investigation strategy implemented on a "comprehensive" analytical 412 platform; in particular, the advantages of quantitative headspace analysis are discussed from the 413 perspective of a complete and informative assessment of complex food sample volatiles. Emphasis is 414 placed on the potential of each analytical step in term of the dimensionality of the information provided. 415
Thus also sample preparation by HS-SPME is included, as is separation by GC×GC, detection by EI-MS and 416 data elaboration by advanced fingerprinting approaches [2, 33] . 417
In order to be considered as a further dimension of the analysis system, HS-HCC sampling techniques, and 418 in particular HS-SPME, are the key step to provide a consistent (quantitative aspects) and meaningful 419 (qualitative aspects) picture of the sample/fraction under study. Experiments carried out on food volatile 420 fractions demonstrate that the information potential of each analysis can better be exploited, thanks to: (a) 421 the method's adoption of multiple and orthogonal extraction principles (adsorption and sorption) 422 combined on the SPME fiber, (b) the minimization of artifact formation, by keeping sampling temperature 423 and time controlled, (c) the headspace linearity conditions applied, and (d) the adoption of versatile and 424
reliable quantitation protocols (in particular MHE). 425
A crucial role is undoubtedly played by the separation technique adopted; GC×GC provides detailed 426 profiling of volatiles even when the sample matrix to be analyzed must be reduced tenfold or more, to 427 comply with quantitation requirements, thanks to its high selectivity and efficiency, due to the orthogonal 428 combination of separation mechanisms, and also to its sensitivity, which is achieved by appropriate column 429
selection. 430
The two quantitation methods applied were found to be adequate for accurate quantitative determination 431 of the selected target analytes in the sample matrix (with the exception of aldehydes for SA), but revealed 432 different aptitudes, in terms of information potential and ease of execution. In particular, MHE was more 433 versatile, providing information on the sample matrix effect, which is important to evaluate the release of 434 volatiles from the food matrix, and on their relative distribution between gas and condensed phases. MHE 435 carried out with an External Standard approach does not requires equilibration or partition of spiked 436 analytes, which is the critical step of SA for solid samples; further, it also makes possible concurrent 437 quantitative investigation of the complete set of selected volatiles. 438
The present strategy is a useful approach from the perspective of sensomics and flavoromics, since it 439 comprises an integrated analytical platform able to provide information on the qualitative and quantitativedistribution of sensory active compounds, through a fully-integrated system including multiple dimensions 441 of analysis: sample preparation-separation-identification/quantitation-advanced data elaboration. : Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2013 ACD/Labs)(Toronto, ON, Canada) c : calibration was performed in two intervals (100-2500 and 2500-10000)-MHE and SA calibration curves reported are referred to 100-2500 ng/g : MHE slopes (β) for selected target analytes (5-methyl-(E)-2-hepten-4-one, 2-ethyl-3,5-dimethylpyrazine and 2-phenylethanol). The graphs are based on equal terms of cumulative response (AT) arbitrarily fixed at 100 counts. Red and black lines show the logarithmic decay from calibration solutions in DBP-red and in cyclohexane-black (corresponding to calibrants in the gas phase approach) whereas blue and green lines indicate analyte behavior in hazelnuts and in the Gianduja paste, respectively. 
2-phenylethanol
Figure 3: HS-SPME-GC×GC-MS patterns from different aliquots of TGT 170-35 together with fingerprinting results: Number of template peaks present in the consensus template (see text for details), Number reliably matched peaks, % of matching and identity of unmatched target peaks. Key-odorants are underlined. : Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2013 ACD/Labs)(Toronto, ON, Canada) c : calibration was performed in two intervals (100-2500 and 2500-10000)-MHE and SA calibration curves reported are referred to 100-2500 ng/g Table 4 : Quantitation results in hazelnut samples for accuracy assessment. Concentration is expressed in ng/g in the matrix, precision data is referred to replicate determination over three months (see text for validation details).
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